ABSTRACT: A short-term (48 h ) chemical toxlcity test using larvae of the coot clam A4ulinia lateralis was modified to evaluate potential toxlcity and pathogenicity of microblal pest control agents. M. lateralls larvae, at the straight-hinged stage of developn~ent, were exposed to varlous microbial pest control agents including a mosquito larvac~de. Bacillus thur~ngiensis var israelensis (Bti); a mol1usc1-cidal strain of Bacillus alvei; a viral pathogen of the gypsy moth Lymantria dispar nuclear polyhedrosis virus (LdNPV); and a broad host-range fungal insect pathogen, Metarhizium anisopliae. Mortalities significantly h~g h e r than heat-killed controls were obtained w~t h Bti at a 10-4 dilution of a colnlnei-cial preparatlon, and w~t h LdNPV at an occlus~on body d e n s~t y of 1 X 10%1-' Sodlum dodecyl sulfate (SDS) and the ivater-soluble fraction of No. 2 fuel 011 ( W S r ) were also tested to provide a measure of comparison, sensitlv~ty and precision. SDS, toxic at an LC,, of 6.3 m g 1-', had a mean coefficient of variation of 23'X). The clam larval tox~city test was very sensitive to WSF,,,,, exposures resulted In an LC.,,, of <10% V/\! Because of its preclslon, sensitivity and simplicity, the M. lateralis larval test has the potential to be useful for assessing adverse effects that microblal pest control agents may have on nontarget bivalves KEY WORDS: B~o l o g~c a l control Nontarget effects . Mullnja lateralis
INTRODUCTION
Microbial pest control agents (MPCAs) are receiving renewed attention from private industry for potential commercialization, particularly in cases where the pest is not effectively controlled by chemical pesticides (Osborne & Landa 1992) or where the use of chemical pesticides poses a significant risk to either human health or the environment. These factors, plus public sentiment which favors limiting the use of chemical pesticides, have created a promising market for such biological products. As a result, the majority of MPCA registrations have been issued within the last 5 yr (Office of Pesticide Programs, Biopesticide Division, U.S. Environmental Protection Agency).
Because MPCAs must be shown to have high levels of safety to nontarget organisms and ecosystems before being widely used, considerable interest has --'Addressee for correspondence. E-mail. genther.fred@epamail.epa.gov focused on the development of test systems, toxicity tests and pathogenicity tests (Anderson & Harvey 1992) . Although the number of terrestrial applications of MPCAs may well exceed the number of aquatic applications, the diversity and quantity of MPCAs directly or indirectly entering the inland and nearcoastal waters could become considerable. MPCAs may enter the aquatic environment indirectly through runoff or over-spray, or directly to control pests such as mosquitos (Chapman 1985) , aquatic weeds (Charudattan et al. 1990) , and perhaps in the future, mollusks (Singer et al. 1994) . For example, molluscicidal Bacillus sp. are currently being investigated as potential biocontrol agents (Singer et al. 1988 (Singer et al. , 1994 . Therefore, our objective was to develop a mollusc toxicity and pathogenicity test to assess potential nontarget effects of these Bacillus sp. and other MPCAs. Morrison & Petrocelli (1991) adapted existing bivalve embryo/larval tests (APHA 1975 , ASTM 1989 to an ecologically important n~ollusc, the coot clam A4ulinia lateralis (Calabrese 1970) . We chose thls mactrid bivalve as our test organism because of its small size ( c 2 cm shell length), broad geographical distribution and ease of culture.
In this study we report on the development of an acute, bivalve larvae toxicity and pathogenicity test to assess adverse effects of MPCAs on nontarget aquatic animals. We chose a fungal (Metarhizium anisopliae), a viral (gypsy moth baculovirus), and 2 bacterial (Bacillus thuringiensis var. israelensis, B. alvei III3DTiA) MPCAs to adapt this existing bivalve toxicity test for use with microbes. Sodium dodecyl sulfate (SDS), used in the initial development of our toxicity test, provided a reference for standardization and comparison. The water-soluble fraction of No. 2 fuel oil (WSFoiI) was also tested to gain an additional measure of test sensi:ivi:i;,
MATERIALS AND METHODS
Test animal and maintenance conditions. All seawater, except where noted, was filtered (1 pm) and passed through a lifeguard QL-40@ Ultraviolet Water Sterilizer (Model M-3, Florida Aqua Farms, Dade City, FL, USA). Water temperature was maintained at 22 to 25°C while salinity ranged between 24 and 28%0.
Mulina lateralis was obtained from Dr George Morrison, NEERL, Atlantic Coast Division, U.S. EPA, Narragansett, RI, USA. Adult clams were maintained in 5 1 glass aquaria either equipped with a flow-through seawater (20%0, 20 pm filtered) delivery system or held static. Approximately 3 cm of fine beach sand covered the bottom of each aquarium. Clams were fed a marine algae, Isochrysis galbana, daily at a density of 5 X 105 cells ml-'. I. galbana was cultured using a commercial algal culture medium (Fritz F/2 Culture Medium; Fritz Chemical Co., Dallas, T X , USA). In static culture one-third of the volume of water was replaced daily as a consequence of feeding.
Spawning. Adult clams were cleaned of algae with a soft bristle brush and separated by sex into 200 m1 glass bowls containing 100 m1 of seawater (0.22 pm filtered). Between 1 and 3 individuals were added to each bowl. To induce spawning, warm seawater was added to the bowls until the temperature reached 28°C. If spawning did not occur within 40 min, the water temperature was lowered to between 18 and 20°C and then again increased to 28°C. If heat failed to induce spawning, sperm was added to bowls containing females while mature female gonadal tissue was added to bowls containing males.
Upon release, the eggs were passed through a 100 pm nylon sieve to remove debris. The sperm suspension (1 ml) was added to the eggs. After 1 h, fertilization was confirmed by observing cell division within the embryos. Developing embryos were collected on a 10 pm. nylon sieve, rinsed 3 times to remove sperm, and placed in a 5 1 pyrexm bowl containing 2.5 1 of seawater (0.22 pm filtered).
Clam larval toxicity and pathogenicity test. Larvae, 48 h after fertilization, were collected on a 35 pm nylon sieve, rinsed 3 t~mes, and placed in a 5 1 pyrex@ bowl containing 2.5 1 of seawater (0.22 pm filtered) at a density of 30 larvae ml-'. Isochrysis galbana was then added at a density of approximately 1 X 105 cells ml-'. This suspension was slowly stirred, while 0.5 m1 aliquots containing approximately 15 to 25 clam larvae were distributed into 3 m1 wells of a 24-well microtiter plate (Falcon 3047, Becton Dickinson & Company, Lincoln Park, NJ, USA).
Test rnaieriais jsoiuiions, suspensions or seawater controls) were immediately added to duplicate microtiter wells in 0.2 or 0.3 m1 volumes. Microtiter plates were incubated at 25°C under a photoperiod of 12 h light and 12 h darkness. The test was scored 48 h after addition of test material. Using a Zeiss Axiovert model 35 inverted microscope equipped for photomicrography, the number of living larvae, determined by observing beating of the ciliary crest and respiratory circulation, was counted. Death was noted by loss of circulation and ciliary motion, disfiguration, and eventually decomposition. The pH and dissolved oxygen (DO) in each well were measured at the end of the test.
The trimmed Spearman-Karber method (Hamilton et al. 1978 ) was used to calculate LCSo values and confidence limits for the exposures. A l-way analysis of variance (SAS Institute Inc. 1985) was performed. Tukey's HSD was used to determine whether death was significant among all treatment groups. In tables, letters A, B, and C were used to designated treatment groups that were statistically similar. Dunnetts test was used to compare treatments against their respective 'heat-killed' control.
Preparation of chemical toxicants. A stock solution of SDS prepared in seawater at a concentration of 200 pg ml-l was diluted to final concentrations of 0.2, 2.0 and 20 pg ml-' for the clam larval toxicity test. WSF,,, (R.T. Corporation, Laramie, WY, USA) was prepared in seawater according to the methods of Anderson et al. (1974) and either used Immediately or stored at 4°C for less than 1 wk. The toxicity of WSF,, to clam larvae was tested at 10, 20 and 30% (v/v) of full strength.
Microbial pest control agents and growth conditions. A spore suspension of Bacillus thuringiensis serovar israelensis (Bti, Vectobac 12AS, ABG 6193) was obtained from Abbott Laboratories, N. Chicago, IL, USA. Bti was also isolated from this commercial preparation and spores prepared by growth in NYSM broth (Myers & Yousten 1978) . Spores produced in our laboratory were suspended in seawater to the same density as the commercial preparation. Both Bti suspensions were stored at 4OC until use. Bacillus alvei III3DTiA was cultured, and a final whole culture (powder) was prepared as described by Singer et al. (1994) . The powder was stored at 25OC in a desiccator and diluted in seawater before testing. Occlusioil bodies of gypsy moth Lymantria dispar nuclear polyhedrosis virus (LdNPV) were obtained from J. P. Burand, Dept of Entomology, University of Massachusetts, Amherst, MA, USA, and stored at 4°C. All of the previously mentioned MPCAs were tested by the clam larval toxicity and pathogenicity test as 10-4, 10-=, and 10-= dilutions of the concentrated stock suspensions or final whole culture.
Metarhizium anisopliae 1080 was obtained from the USDA-ARS collection of entomopathogenic fungal cultures (Ithaca, NY, USA) and cultured at 25°C. Conidiospore densities were determined using a hemocytometer. Viable and direct spore counts were performed as described by . Conidiospores of M , anisopliae were produced by adding approximately 1 X 104 spores to 0.3 m1 of a sterile caterpillar homogenate (corn earworm Helicoverpa zea). This suspension was spread onto the surface of MM agar plates which contained (per liter): KH2P04, 1 g; MgS04, 0.5 g; and agar, 15 g. The pH of the medium was adjusted to 6.0 before sterilization in a n autoclave. After 6 to 8 d, conidiospores produced on MM agar plates were harvested by scraping the confluent mycelial mats with a sterile spatula. Conidia were suspended in sterile sea water by gentle aspiration in a hand-held tissue homogenizer at a density of approximately 1 X 108 spores ml-l. This concentrated stock was used for larval exposures within 4 h of preparation. M. anisopliae was tested by the clam larval toxicity and pathogenicity test at conidiospore densities of 10" 105, and 104 ml-l. Heat-killed controls of all MPCAs were prepared by sterilizing a concentrated stock suspension in an autoclave (20 min, 15 lb/in2 = 2 bar). All heat-killed controls were tested at the high concentration or density.
Tests of MPCAs for potency assessment against their respective target organisms. To assure that the MPCA preparations used in the clam larval toxicity and pathogenicity test possessed activity against a target organism, the following tests were performed. The potency of Bti was determined by a toxicity test against 3rd instar Aedes aegypti as described by McLaughlin et al. (1984) . The molluscicidal toxicity of Bacillus alvei III3DTiA was determined using the snail Biornphalaria glabrata (Singer et al. 1994) . A neonate pathogenicity test using gypsy moth larvae was used to determine LdNPV virulence (Burand & Park 1992) . Lastly, a corn earworm (Helicoverpa zea) pathogenicity test was performed on the Metarl~izum anisopliae conidiospore preparations. H. zea, obtained as eggs from the USDA-ARS Laboratory in Tifton, GA, USA, were reared to 3rd instar at 25OC on a diet consisting of ground raw pinto beans, 14 g; wheat germ, 10 g; torula yeast, 6.3 g; casein, 5.0 g; methyl-paraben, 0.4 g; sorbic acid, 0.2 g; agar, 2.3 g; and distilled water, 135 ml. Caterpillars were immersed for 1 min in suspensions of conidiospores at densities of 1 X 104-E ml-'. The control was a sterile distilled water immersion. Because the diet contained fungal inhibitors, caterpillars were held for 24 h in individual insect-rearing cups without food to allow for spore germination and outgrowth on the insect cuticle. Fungal death, determined by observing for fungal growth on the cadaver with the aid of a dissecting microscope, was scored after 5 d. A total of 20 caterpillars were exposed per treatment. LCso values and confidence limits were calculated from 5 replicates of each treatment.
RESULTS
At the end of the clam larvae test (48 h), normal, healthy, straight-hinged larvae appeared as in Fig. 1A . Mortality was scored as the absence of ciliary action and lack of circulation observable through the semitransparent shell. Death was accompanied by shell gaping with destruction of the tissue as shown in Fig. 1B . During the development of the clam larvae dose-response trend based on concentration was obToxicity of SDS and WSFoiI to Mulinia lateralis larvae tained resulting in significant mortality differences beis shown in Table 1 . Triplicate exposures of 20 larvae to tween the low and high concentrations. Our laboraeach of 3 concentrations of SDS resulted in an LCS0 tory-cultured Bti preparation contained 3 X 10' viable (95% CL) of 6.3 (3.8 to 10.6) mg 1-' and a coefficient of spores ml-l, while the commercial Bti preparation convariation (CV) of 23 % . The LC50 value for WSF,, was tained 1 . l X 107 viable spores ml-'. The commercial < 10 % because, even at the most dilute concentration preparation showed a slightly higher toxicity toward tested (10 % WSFoU), 95 % mortality was obtained.
mosquito larvae, with an LCjo of 3.4 X 10-*, compared Activities of all microbial pest control agents were with the laboratory cultured Bti preparation which determined to assure potency of the preparations had an LC50 value toward mosquito larvae of 2 X 10-E towards their respective target organisms (Table 2) .
( Table 2) . Table 3 presents results of the MPCAs tested by the Both the killed-control and the high concentration clam-!ar\.z! t~r.icity a~d pdthnnonirit~r accaxr Tho CC)=-"f _Rs~fic~. Z!I.T~~ !!!3l JTi . A.
C S E S~~ high ~~r t s ! i t i e~
mercial preparation of Bti showed significant mortality (295 %) in the clam larval toxicity and pathogenicity toward clam larvae at the highest concentration tested, test (Table 3 ). These high mortalities were accoma 1 X 10-4 dilution of the product. This significance was panied by very low DO concentrations (42% saturaobtained from a comparison against a heat-killed contion) in the test wells. At the lowest concentration of B. trol at the same concentration. The Bti preparation alvei III3DTiA tested, survival of clam larvae was 95 %. Metarhizium anisopliae did not cause dLC5, is expressed as the dilution of the commercial product. ~ectobac", which killed 50% of A. aegypti larvae "LCSO is expressed as the dilution of the laboratory culture which killed 50% of A. aegypti larvae CThird-instar H. zea were exposed to suspensions of conidiospores at different densities (Table 4) . Thus, no significant differences between the viable spore treatments and the heatkilled control were obtained. At the highest density of gypsy moth virus tested with the clam larval toxicity and pathogenicity test, significantly higher mortalities were obtained when compared with the heat-killed control. No rnortalities were observed in the heatkilled control, while clam larval survival at the high density of LdNPV occlusion bodies was 81 % (Table 4) . "Compared each treatment against the killed-control, ns-not significant l
DISCUSSION
The short-term larval toxicity test using the coot clam Mulinia lateralis was readily adaptable for use with MPCAs. The test was easy to perform and required small sample volumes. Because of the coot clam's ease of culture, small size, and ability to thrive in a wide range of salinitles (7 to 32%0), it has been chosen by several researchers for toxicity studies (Calabrese & Rhodes 1974 , Ho & Zubkoff 1982 , Burgess & Morrison 1994 . Although Morrison & Petrocelli (1991) reported that laboratory cultures of M. lateralis can be maintained in spawning conditions year-round, we found that between May and August spawning was most easily induced and viable eggs were readily obtainable. From September through April clams were either in a n inactive stage or in early gametogenesis and would spawn only if they were well conditioned.
Morrison & Petrocelli (1991) determined the toxicity of SDS using a static, short-term (48 h) Mulinia lateralis larvae test at salinities of 10 and 30%0. At a salinity of 10%o these investigators reported an ECSo value of 8.2 mg 1-I with a CV of 18.3 %, and at a salinity of 30%0, an ECS0 value of 5.8 m g 1-l was obtained with a CV of 55.2 %. We report a n LCSo (95 % CL) value of 6.3 (3.8 to 10.6) mg 1-' with a corresponding CV of 23% using a salinity of between 24 and 28 ppt (Table 1) . Thus, the sensitivity and precision of our test, reported as a 'lethal concentration, LC', was comparable to the results obtained by Morrison & Petrocelli (1991) , where sublethal endpoints were included in the analysis with results reported as 'effective concentration, EC'.
In measuring the toxicity of WSF,,, the sensitivity of our short-term, static Mulinia lateralis larval test appears to be greater than the developing shrimp embryo test of Fisher & Foss (1993) . In a study which compared toxicity test methods using embryos of the grass shrimp Palaemonetes pugio Rayburn et al. (1995) reported that the 12 d LCS0 in 24-well plastic plates was 12.7 % V/V WSF,,,. In our study, also performed in 24-well plastic plates, a 2 d LCS0 value for WSFOd was ~1 0 % v/v.
All MPCA preparations showed activity toward their target organisms (Table 2) . When testing MPCAs, we believe that control toxicity and pathogenicity tests are necessary to verify the activity or virulence of each preparation Indeed, Nestrud & Anderson (1994) , investigating aquatic safety of Lagenidium glganteum on fish and invertebrates, recommended that sensitive target animals for the MPCA be evaluated by concurrent exposure with the nontarget organism.
The highest concentration of the Bti commercial preparation showed significant mortality toward clam larvae when compared against the heat-killed control. Significant mortality was not obtained, however, with the laboratory-cultured Rti preparation. The h g h (72 %) heat-killed control mortality in the laboratory-cultured Bti preparation negated a significant difference in mortalities between the high concentration of the laboraiory-cu~:urfd s:! piepa;a:ion ar;d :he hea:.killed control. Nevertheless, the fact that 57 % of clam larvae died after exposure to the high concentrations of both the commercial-and laboratory-cultured preparations of Bti suggests that at very high concentrations Bti may adversely affect this nontarget aquatic species.
High mortalities of clam larvae were obtained upon exposure to Bacillus alvei III3DTiA in the medium, high, and heat-killed control treatments. These mortalities were due to the composition of the B. alvei III3DTiA preparation, which contained a large proportion of dried culture media. We believe that the culture medium stimulated growth of bacteria naturally found in the test water, which lowered the DO below 5 ppm and killed the clam larvae. Because of these difficulties any toxicity that the preparation may have had toward the clam larvae would have been overshadowed by the effect of the low DO.
Significant mortalities were not observed with exposures of clam larvae to conidiospores of Metarhlzium anisopliae. A longer exposure would have been more desirable for assessing nontarget effects of this pathogen. The effects that this fungus had on fish and shrimp embryos did not manifest themselves until 4 d of exposure (Genthner ei Middaugh 1995 .
At the high density of occlusion bodies (1 X 106 ml-l), LdNPV demonstrated significant mortalities compared with the heat-killed control. Because LdNPV norn~ally require several days to infect and kill gypsy moth larvae, it is unlikely that a viral infection caused the mortalities in the clam larvae. A comparison of zero deaths in the 'heat-killed' control against 81 ' % mortality in the high occlusion body density produced the significant (p i 0.05) response. Perhaps, the heat treatment rendered the occlusion bodies less harmful to the clam larvae.
The Mulinia lateralis larval toxicity and pathogenicity test is easy to perform, requires small sample volumes, has comparable precision and sensitivities to other similar tests (Morrison & Petrocelli 199 1, Ray burn et al. 1995) and was readily adaptable for testing MPCAs. Disadvantages of t h~s test are that at certain times of the year, September through Apr~l, clams would spawn only if well conditioned, and the short duration of this test may not allow enough time for pathogens to infect and kill. Our results, however, do provide a useful test method for assessing effects of MPCAs on nontarget bivalves. Lastly, our results and the results of Nestrud & Anderson (1994) underscore the need to verify the potency of the test agent toward the target organism when performing risk evaluations of MPCAs.
